The assembly of a groundwater flow model for the shallow aquifer in Tianjin Municipality is outlined in this paper. Tianjin Municipality was selected because of its complicated hydrogeological conditions and rich data, which could be used to test a refined groundwater flow model for the shallow aquifer. When a shallow groundwater flow model is being assembled its recharge and discharge functions need to represent inflows from rainfall, irrigation return flows, seepage from rivers and reservoirs, and lateral inflows and outflows from evaporation, abstraction of groundwater for irrigation and industrial, and urban use. When abstracting groundwater, the water exchanges between a shallow aquifer and a deep aquifer also need to be considered. The real irrigation areas of Tianjin Municipality were input into the groundwater flow model, and the rivers and reservoirs were refined to the level of secondary tributaries and small scale reservoirs. The model calibration was carried out based on consideration of representative parameter values and their spatial distribution, the groundwater flow fields, the temporal variation in groundwater heads and the water balance for the years 2006-2008. It was concluded from a comparison of the observed and simulated groundwater heads that the precision of the model is high and that the simulated groundwater levels align with the real groundwater conditions. It is also concluded that the groundwater flow model for the shallow aquifer in Tianjin Municipality will be a useful tool for further studies about the relationship between shallow and deep aquifers and the surface environment.
INTRODUCTION
Groundwater is an important water resource which is widely used in agriculture, industry and in domestic life due to its extensive distribution, good quality and stability of supply. It is the main water supply source in areas with scarce surface water resources. However, over-exploration of groundwater can create a series of environmental and geological problems, such as degradation of the environment and its ecology, creation of cones of depression, ground collapse, ground fractures and saline intrusion (Li et al. ) . To reduce these negative impacts, it is necessary to implement strict groundwater resource management practices in over-exploited areas.
Groundwater flow models have been proved to be powerful tools which can provide a scientific basis for the management of groundwater (Praveena et The above-mentioned studies used modelling systems which are most widely used to model groundwater flows in order to evaluate and manage groundwater resources.
However, in most of these studies, the shallow aquifer was not represented separately but rather was represented as the upper boundary of a deep groundwater aquifer. The representation of the shallow aquifer was usually simplified with only the major recharge and discharge components being considered. Consequently, these models are not refined enough to assess problems in the shallow aquifer, such as the impact of the environment on groundwater and the relationship between surface water and groundwater. The assessment of these processes requires a refined groundwater flow model in which all the inputs and outputs must be detailed. These groundwater flow models for shallow aquifers were mainly used to evaluate the groundwater system response to changing environmental conditions. Their recharge components were detailed, however, the hydraulic connection between the shallow aquifer and the deep aquifer were ignored with the bottom of the shallow aquifer regarded as a confining bed. While the shallow and deep aquifers are typically separated by a relative confining bed, water exchanges can arise when the deep aquifer is interfered with by human activities (e.g. groundwater exploration), which can not be ignored when assembling groundwater flow models.
Due to a lack of surface water resources, the groundwater of Tianjin Municipality, which is located around 120 km southeast of Beijing, is abstracted from a deep aquifer and supplies more than 70% of the city's water supply (Dong et al. ) . This level of groundwater abstraction has resulted in land subsidence. Saltwater has also intruded into the shallow aquifer under Tianjin Municipality. More than 77% of the total area of Tianjin Municipality is underlain by a brackish shallow aquifer (salt content >2 g/L). 
CONCEPTUAL MODEL OF SHALLOW GROUNDWATER
The distribution and circulation of groundwater in Tianjin
Municipality reflects the complex distribution of aquifer media. Based on the consideration of lithologic properties, the hydraulic characteristics of sediment, the level of groundwater development and utilization, the aquifer was classified into four hydrogeological layers. Layer one is the shallow aquifer while the remaining layers represent the deep aquifers. This paper focuses on the shallow aquifer (layer one) which varies in thickness from 30 to 100 m (the shallow aquifer is 80-100 m thick in the fresh water zone and 30-50 m thick in the salt water zone -see Figure 2 ).
Boundary conditions
In the horizontal plane, the northern boundary is the interface of the mountainous area (the Yanshan Range) and the plain which is represented as a constant flow boundary; the eastern boundary of aquifer is the Bohai Bay shoreline which is represented as a constant head boundary with a water level set at 0 m; the other boundaries were processed as time varying flow boundaries due to the hydraulic connection between Tianjin Municipality and the border regions (see Figure 3 ).
In the vertical plane, the free water surface of the shallow aquifer is designated as the upper boundary, which exchanges water with external sources and sinks, while the bottom of the shallow aquifer is designated as the lower boundary, which can exchange water with the deep aquifer. The upper boundary receives recharge from rainfall, irrigation return flows and seepage from rivers and reservoirs and discharges water by evaporation and by groundwater abstraction. In the salt water zone, the deep aquifer is over-exploited while there is almost no abstraction from the shallow aquifer, which leads to a large difference in the water head (7-64 m) between the shallow and the deep aquifer. These head differences increase the water exchange (leakage), consequently the leakage boundary in the salt water zone is generalized as a time varying flow boundary.
In the fresh water zone, the presence of bedrock below the shallow aquifer means that the water exchange between the shallow aquifer and the deep aquifer can be ignored. 
Initial conditions

Groundwater recharge and discharge
The recharge of groundwater varies considerably due to the differences of soil type, land-use, topography, etc. The main recharge components in the study area are infiltration from rainfall, lateral flow, irrigation return flow and seepage from rivers and reservoirs. The infiltration of rainfall and irrigation water are generalized as planar recharge sources and processed using the RCH (Recharge) module in the GMS by inputting the intensity of rainfall and irrigation and infiltration coefficients. Lateral inflow is calculated using Darcy's Law based on the water head and hydraulic conductivity. The seepage from rivers is calculated using a water balance method based on runoff data (Zheng ). Reservoir seepage is also calculated using the water balance method based on the reservoir storage, water consumption and water level (Yao & Zhang ) . Figure 4 identifies the location of rivers and reservoirs in Tianjin Municipality.
The discharge of groundwater in the study area occurs by harvesting, evaporation and leakage. In the fresh water zone, the groundwater is harvested seriously. The depth of groundwater is from 5 to 10 m below the surface with almost no evaporation, consequently the harvesting is the main discharge of groundwater. However, the distribution and number of wells harvesting groundwater are difficult to survey, so the quantity of harvested groundwater is generalized as planar discharge sources and processed using the RCH (Recharge) (input as a negative recharge rate in the In contrast to the fresh water zone, the groundwater in the salt water zone undergoes little harvesting and the depth of groundwater level is from 1 to 3 m below the surface. Evaporation is the main discharge, which is simulated using the Evapotranspiration module in GMS assuming that the local depth limit for evaporation is 4-5 m. At the same time, the groundwater in the deep aquifer is heavily harvested, leading to a big water head difference between the shallow aquifer and the deep aquifer. Consequently leakage from the shallow aquifer can't be ignored.
The leakage rate is calculated using the following formula:
where Q is the leakage rate from the shallow to the deep aquifer (m 
SHALLOW GROUNDWATER FLOW MODEL
The groundwater flow in the Tianjin Municipality was modeled using the MODFLOW package (Harbaugh ) H 1 x, y, z, t ð Þis the specified head at boundary τ 1 (m); n is the normal direction of the boundary surface; q is the groundwater flow rate at boundary τ 2 (m 3 /d) and Ω is the leakage zone.
Spatial and temporal discretization
The study area is represented using cells which are 500 × 
Hydrogeology parameters
The hydrogeology parameters used in groundwater flow models are mainly divided into two categories. One category is the parameters used for the calculation of source and sink terms, such as the precipitation infiltration coefficient and
the irrigation regression coefficient. Figure 5 is the distribution of precipitation infiltration coefficient while These principles were applied as follows:
1. Parameter identification. A method of trial-and-error was used to adjust the hydrogeological parameters k h and μ until a good match was achieved between simulated heads and observed heads over time and space (refer Table 1 ). and was compared to the simulated heads (refer Figure 9 ).
It can be seen that there is a close agreement between simulated heads and observed heads with the maximum difference between observed and predicted groundwater head being within 2 m.
3. Groundwater head change over time. A scatter plot of observed heads and simulated heads given in Figure 10 discloses excellent agreement between observed and simulated heads, particularly in the range À5 to þ5 m.
Time series plots of the simulated heads and observed heads in Wells 1, 2, 3 and 4 are shown in Figure 11 .
The four observation wells are located in different regions of the study area and represent the changes of regional groundwater. The observed heads exhibit a greater variability than the simulated heads. That is because the shallow aquifer is subject to many variables such as 
CONCLUSIONS
The assembly of a groundwater flow model for the shallow aquifer in Tianjin Municipality is outlined in this paper. Tianjin It is concluded that the recharge of groundwater in the study area is primarily from rainfall (around 80%), irrigation return water (around 12%), lateral flow (around 5%) and seepage from rivers and reservoirs (around 3%) while the primary groundwater discharge components from the shallow aquifer are evaporation (around 70%), leakage (around 22%), harvesting (around 8%) and lateral outflows (around 1%).
It is also concluded that the groundwater flow model for the shallow aquifer in Tianjin Municipality will be a useful tool for further studies about the relationship between shallow and deep aquifers and the surface environment.
